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A green cleaning method involving oxidative degradation in supercritical carbon dioxide (scCO2)
to remove the polymer residue from chlorine reactive ion etching (RIE) and ashing of photoresist
was developed. Benzoyl peroxide dissolved in pentane-2,4-dione was used as an oxidizing reagent
to degrade the polymer residue. Random chain scission products from oxidative degradation were
removed by scCO2. Surface characterization and microscopic examination were conducted to
investigate the polymer residue. The results indicate that oxidative degradation by benzoyl
peroxide in scCO2 provides an effective alternative route to remove post-RIE polymer residue in
semiconductor devices.
Introduction
With growing demand for faster computation and lower
energy consuming IC devices, the developing process for
smaller feature size and higher device density is regarded as
being the route of choice. The challenge for advanced exposure
techniques such as photoresist stripping and etch residue
removal is becoming the critical process. Dry etching such as
reactive ion etching (RIE) is the most commonly used method
for photoresist stripping. Using an oxygen plasma, most
photoresist was ashed and removed via oxidation and
dehydrogenation by active oxygen species.1 A two-step
stripping process consisting of oxygen plasma ashing and
hydrogen plasma cleaning effectively removed residual carbon
and polymer.2 An alternative wet stripping technique using
ozone and deionized (DI) water removed hard-baked resist
by free radicals via oxidative reactions and random chain
scission.3 The oxidation efficiency of the ozonated DI-water
was reported to increase with increasing temperature.4
However, the oxidation efficiency was still restricted by the
dramatically low solubility of ozone in water at higher
temperature. Besides, the restriction of boundary layer and
poor transportation of radicals to the polymer residue might
retard the overall oxidation efficiency.
Supercritical carbon dioxide (scCO2) possesses the attractive
characteristics of absence of surface tension, excellent mass-
transfer efficiency, and controllable solvent ability. In con-
junction with its environmentally friendly merits of non-toxic,
easily recyclable nature and low critical temperature, scCO2
has become the impetus for many innovative applications, i.e.,
green processes, in the microelectronics industry.5 Two recent
reviews have detailed the utilization of scCO2 in integrated
circuit manufacturing.6,7 There are few reports about using
scCO2 to remove etch residue after photoresist stripping,
presumably due to the inert characteristics of scCO2.
8–11 The
shortcoming of inadequate solubility was generally resolved by
adding co-solvents (modifiers) to enhance the scCO2 solvent
strength or surfactants to form microemulsions to enable
solute solubilization. Co-solvents such as tetramethylammo-
nium hydroxide (TMAH) a in methanol–water mixture and
tetramethylammonium bicarbonate (TMAB) in methanol7
have been used to remove post-fluorocarbon plasma etch
residue. Water-in-CO2 microemulsion has been successfully
used to remove porous low-k dielectrics post C4F8 etching and
O2 etching.
8 The hydroxyl ion from the TMAH was proposed
to attack the interconnection between the residue and sub-
strate, and repeating pressure variation induced the swelling
and removal of polymer residue. We have previously
attempted to remove the polymer residue after chlorine
reactive ion etching (RIE) of photoresist using TMAB in
methanol as co-solvent with scCO2. The cleaning efficiency is
not as expected even under extended cleaning time.12
The free radical generator was considered a candidate for
the oxidative degradation of polymer residue.13–15 2,29-Azo-
bis(isobutyronitrile) (AIBN) and benzoyl peroxide (BPO) are
the prevalent free radical generators used to initiate poly-
merization.16 BPO has also been used to degrade polymer
targeted for treatment and recycling.13,17 Degradation in solu-
tion has been proposed to possess better oxidation efficiency,
presumably due to improved mass transportation and heat
conducting.18 The poor solubility of BPO in scCO2 is the key
problem. The trace amount of dissolved BPO is sufficient to
initiate the polymerization but insufficient to effectively
degrade the polymer residue. The difficulty encountered with
inherent poor solubility could be overcome by either mixing a
polar co-solvent, like methanol, with the reagent to improve its
solubility or by dissolving the reagent in a suitable amount of
selected solvent (better solubility for the reagent) to improve
the transportation efficiency via emulsion. The latter approach
of forming droplets can overcome the limitation of mass
transfer between heterophases and the boiling of solvent,
presumably caused by the heat released by the oxidative
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reaction. In this study, we present a novel green cleaning
route using scCO2-assisted oxidative degradation to remove
the post-RIE polymer residue based on the droplet formation
concept. Preliminary results indicate that scCO2-assisted
oxidative degradation may extend the opportunity of using
scCO2 processing in semiconductor manufacturing, and
substitute for traditional wet chemical methods.
Experimental
The p-type 4-inch silicon wafers (Wafer Works Corp.,
HsinChu, Taiwan) were cleaned by the traditional RCA
process before the Al metallization process. The preparation
processes of the post-RIE sample with polymer residue are
illustrated in Fig. 1. A 5000 A˚ thick Al film was first deposited
onto the cleaned Si substrate using thermal evaporation. The
1 mm thick polyhydroxystyrene-based photoresist film (FH-
6400L, Fuji-Hunt Electronics Technology Corp., Tokyo,
Japan) was coated thereafter by spin-coating. After exposure
and developing, the uncovered Al layer was etched by Cl2–
BCl3 RIE (ICP 750 W, bias 120 W, Cl2 and BCl3 at 35 sccm
flow rate, 10 mtorr, 10 min) to prepare the post-CE sample.
After O2 plasma ashing (ICP 500 W, bias 100 W, O2 at 40 sccm
flow rate, 100 mtorr, 2 min) of the resist, the wafer was cut into
chips (0.7 mm 6 0.7 mm) to prepare the post-OA sample. The
oxidative reagent was prepared by sonicating 2.5 g of benzoyl
peroxide (Aldrich, 97%) dissolved in 25 ml of pentane-2,4-
dione (Merck, GR grade) for 10 min. After BPO was
completely dissolved, 2 ml of triethylamine (Riedel-deHae¨n,
99%) was added to the solution. The scCO2-assisted cleaning
process was performed using the home-made system shown in
Fig. 2. A high pressure syringe pump (ISCO Inc., Lincoln,
Nebraska, USA) was used to supply the liquid CO2 at the
specified pressure. Liquid CO2 passed through the mixer
containing the desired amount of reagent at a flow rate of
0.5 ml min21. The reactor was modified from a 3.5 ml extrac-
tion vessel (Keystone Scientific Inc., Bellefonte, PA, USA)
with an internal diameter of 1.0 cm. The Teflon-made holder
was placed inside the reactor to position die with plane
oriented nearly parallel to the flow direction. The needle valve
(HIP Inc., Erie, PA, USA) and the back pressure regulator (Go
Regulator Inc., Spartanburg, USA) were used to regulate the
pressure variation. The tubing between injection valve and
reactor was pre-heated. In addition, the reactor was also heated
by a home-made oven to the chosen operating temperature.
The reactor was initially pressurized and kept at the required
temperature for 30 min. The flow rate was regulated, held
stable at 0.5 ml min21, and the co-solvent was sequentially
injected at a 50 ml min21 flow rate. After 20 min of operation
at a constant flow rate, the pressurized reactor was vented.
The identity of the polymer residue was characterized using
various spectroscopic techniques. Fourier transform infrared
(FT-IR) analysis was conducted on a DA8.3 FT-IR spectro-
meter (Bomem, CA). Time-of-flight secondary ion mass
analysis was carried out on a Tof-SIMS spectrometer (ION-
TOF ToF-SIMS IV, Mu¨nster, Germany) with a 25 keV Ga+
primary ion source (0.7 pA pulse current). X-ray photoelectron
spectroscopy (XPS) analysis was conducted on an XPS
spectrometer (ULVAC-PHI Model PHI Quantera SXM,
USA) with an Al Ka source (25 W, 15 kV). All spectra were
obtained from an area away from the pattern edges.
Microscopic images were obtained with a scanning electron
microscope (SEM, JEOL Model JSM-6330F, Japan).
Results and discussion
Microscopic examination and FT-IR characterization
SEM microscopic examination of the post-CE sample
(Fig. 3(a)) revealed the absence of polymer residue on the Si
Fig. 1 The preparation processes of post-RIE sample with polymer
residue. After RCA cleaning, the aluminium film was deposited on the
silicon wafer. Then, the positive photoresist (PR) was coated on the
top of aluminium film. After PR baking, the mask with desired
patterns was used to protect the specific zone from the UV irradiation.
After developing, the mask patterns were cloned on the aluminium film.
Fig. 2 Schematic diagram of the experimental apparatus: (1) CO2
cylinder, (2) syringe pump, (3) check valve, (4) mixer, (5) heater, (6)
high-pressure pump, (7) back-pressure regulator, (8) vent, (9) trap, T
thermometer, P pressure gauge.
Fig. 3 SEM images of (a) post-CE, and (b) post-OA sample.

















































substrate. The formation of a rod-like residue was observed
on the Si substrate in the post-OA sample (Fig. 3(b)). The
novolak-based resist polymer has been reported to form
phenolic string via intramolecular hydrogen bonding during
deposition.19 During O2 plasma ashing, the intermediate
products would absorb on the surface of native Si oxide
and transform into polymer residue. We speculate that the
carbonyl radical formed during O2 plasma ashing induced
partial dehydration-polymerization between polymers, i.e.,
when the arrangement of polymers was dominated by the
phenolic strings.
FTIR results reveal the changes to functional groups caused
by O2 plasma ashing. Features such as a C–O–C absorption
band and a C–Cl absorption band are present in post-OA
samples. These functional groups indicated that the residue
was composed of ether and carbon–chlorine features. The
presence of ether structure in the residue implies that ether
might be an origin for degradation, i.e., if the polymer residue
was formed by polymer-to-polymer linking via C–O–C
formation. The anisotropic plasma etching induced partial
cross-linking between polymers, enhanced their mechanical
strength, and obstructed subsequent ashing.
Cleaning efficiency and XPS characterization
The reported temperature for the generation of free radicals
from BPO was over 70 uC.13 To accommodate temperature
lowering caused by the dynamic flowing operation used in this
study, the temperature of the injected reactant must be higher
than 70 uC to make the oxidative degradation efficiency (or
cleaning efficiency, CLE) compatible with the static mode. In
order to study the effect of operational temperature on CLE,
XPS was used to measure the C1s peak of polymer residue and
the measured results were used to calculate the C1s ratio as
the area sum of C1s peaks normalized to the total peak area
sum. The relative difference of the C1s ratios of scCO2-cleaned
sample and RCA-cleaned sample was used as an index of CLE.
Fig. 4 shows the C1s ratio and CLE as a function of opera-
tional temperature ranging from 60 to 140 uC. The changing
trend of C1s peak is the reverse of that of CLE. The CLE
expectedly increased with higher temperature and the best efficiency was obtained at a temperature of ca. 120 uC. The
numerical results listed in Table 1 indicate that scCO2 cleaning
provides better CLE than traditional RCA cleaning.
To further study the oxidative degradation, the C1s peak was
fitted with three peaks of increasing binding energy, such as
C–C, C–O and O–CLO (Fig. 5). Their relative peak intensities
in RCA-cleaned sample and scCO2-cleaned samples at 60 uC
and 120 uC are apparently different. The increment in C–O
and CLO peak intensity provides a clue about the reaction
pathway. These results imply that post-RIE residue can
be removed by the scCO2-assisted cleaning via oxidative
degradation.
Tof-SIMS and SEM confirmation
To further study oxidative degradation, Tof-SIMS20 was used
to measure and compare the composition of polymer residue in
RCA-cleaned and scCO2-cleaned samples. Table 1 lists the
numerical results based on two characteristic fragment ions
m/z 107 and 221. The composition of m/z 107 ion is the
Fig. 4 C1s ratio of polymer residue in XPS spectra and cleaning
efficiency (CLE) as a function of temperature.
Table 1 Relative intensity of XPS C1s peak and Tof-SIMS ion m/z





CLE (%)C–C C–O O–CLO m/z 107 m/z 221
RCA-Cleaning 79.5 13.7 6.8 1.2 0.4 —
SC-60a 48.6 41.0 10.4 2.4 0.5 36.5
SC-80a 43.5 47.5 9.0 1.5 0.2 65.6
SC-100a 65.8 26.5 7.7 0.5 ,0.1 74.8
SC-120a 70.7 23.7 5.6 0.4 ,0.1 81.0
SC-140a 72.3 22.2 5.5 0.3 ,0.1 75.1
a SC-number. SC stands for scCO2 cleaning, the number is the
operating temperature. b Percentage of C1s peak sum in XPS spectra.
c Percentage relative to Si m/z 28 ion intensity in Tof-SIMS spectra.
Fig. 5 C1s XPS spectra of: (a) RCA cleaning, (b) scCO2 cleaning at
60 uC, (c) scCO2 cleaning at 120 uC.

















































hydroxyltropylium ion (Fig. 6(a)), a representative fragment of
a hydroxylbenzyl unit. A similar changing tendency of ion
intensity versus temperature as C1s ratio implies that hydro-
xyltropylium ion intensity can be used to estimate the amount
of polymer residue, presumably because photoresist consists
mainly of a phenol-based structure. The composition of m/z
221 ion (Fig. 6(b)) containing an ether linkage is an adduct ion,
which was formed during the O2 plasma ashing process. The s
bond between the aromatic ether oxygen atom and aromatic
carbon atom was via sp2 hybridization. The unhybridized p
orbital of the aromatic ether oxygen atom can additionally
overlap with the p system of the aromatic ring via p-p
conjugation, forming a more stable conformation. The m/z 221
ion intensity can therefore also be used to estimate the amount
of polymer residue. Detailed inspection of the ion intensity as a
function of temperature indicates that the best CLE can be
obtained at a temperature of 120–140 uC.
The spatial distribution of polymer residue on a surface
might also provide a clue about the formation mechanism. We
therefore used SEM to examine the surface morphology of
scCO2-cleaned samples. The results (Fig. 7) indicate that rod-
like residues are predominant in both RCA-clean (Fig. 7(a))
and scCO2-clean at 60 uC (Fig. 7(b)) samples, indicating that
60 uC temperature was too low to induce effective oxidative
degradation of residue. The morphology of the residue
started to change into the spherical residue (Fig. 7(c)) at
80 uC, indicating apparent degradation of polymer residue.
At temperatures above 100 uC (Fig. 7(d), 7(e), and 7(f)) the
spherical residue became dim, indicating enhancement of
oxidative degradation and removal of polymer residue. The
SEM results agree well with XPS and Tof-SIMS results,
indicating that oxidative degradation mechanism is plausible.
Oxidative degradation mechanism
The proposed oxidative degradation based on a literature
work21 indicates that the reaction was initiated by the
abstraction of the a-methylene hydrogen atoms in the polymer
residue (Fig. 8a) by the benzoyloxy radical. Combination
of the chain radical with a benzoyloxy radical formed a
hemiacetal, which oxidized to an ester (Fig. 8b). The ester
containing a carbonyl group functioned as a Lewis base (LB)
and interacted with scCO2 functioning as a Lewis acid (LA).
19
The formation of LA–LB conjugate might enhance the
solubility of an ester. In addition, the hydrolysis reaction
might provide another possible pathway for the chain scission
(Fig. 8c). After acid hydrolysis the low molecular-weight
degradation products (mixture I in Fig. 8c) would also be
readily removed due to improved solubility and higher
volatility properties. A smaller portion of the chain radicals
might crosslink to each other (Fig. 8d). The crosslinked
polymer might be subject to a similar degradation and removal
process as the hemiacetal. The LA–LB conjugate (mixture II in
Fig. 8c) might be eluted out by solvation with scCO2, whereas
the low molecular-weight degradation products might be
eluted out by either the co-solvent droplets or the scCO2
flowing over the surface of the chip.
BPO was reported to play a critical role in the oxidative
degradation of polymers. The successful application of BPO in
biphasic oxidative degradation of the polymer in solution was
attributed to efficient heat and mass transfer.11 The limitation
of mass transfer between the free radicals and polymer residue
may be alleviated by the lower viscosity and smaller radius of
emulsion droplets. The anti-solvent effect of scCO2 promoted
precipitation of the scCO2-phobic compounds like BPO in the
co-solvent droplets when flowing through the pre-heated
tubing.22 The inter-droplet interaction, like coalescence and
reassembling, in the emulsion would release BPO from
droplet core. The effective interaction area between BPO and
residue was therefore improved by the emulsion dispersion.
Consequently, mass transportation between heterophases and
the interface area would dominate oxidative degradation
in scCO2. Our preliminary results indicate that oxidative
degradation in scCO2 seems to overcome the heat and mass
Fig. 6 Characteristic ion fragment structure: (a) m/z 107 hydroxyl-
tropylium ion fragment, (b) m/z 221 aromatic ether ion fragment.
Fig. 7 SEM images of polymer residue: (a) RCA cleaning only;
scCO2 cleaning at (b) 60 uC, (c) 80 uC, (d) 100 uC, (e) 120 uC, (f) 140 uC.
The scale bar is 100 nm.

















































transfer limitations in the liquid phase. To our best knowledge,
this is the first report describing the formation of pentane-2,4-
dione emulsion droplets in scCO2. One possible explanation
for incomplete removal of the spherical residue might be that
the binding between some of the polymer residue and Si
substrate is too strong to be broken by chain scission. The
degradation by free radical also became difficult when the
chain was sequentially excised until the a-methylene hydrogens
were exhausted.
Considering the amount of pentane-2,4-dione added in this
study, the expected phase separation of emulsions can arise
from either inter-droplet interactions or interface tension-
driven combination.23 The successful oxidative degradation
result implies that the phase separation might improve the
transportation and dispersion of BPO in pentane-2,4-dione
and scCO2 mixture. The result also indicates that the reactant
transported by the droplets (co-solvent pool) after phase
separation might compensate for the solute–solvent clustering
effect, i.e., for the excessive addition of co-solvent, which
might function as a micro-reactor to dissolve BPO. Research
to confirm this presumption is currently under way.
Conclusions
In conclusion, this study shows that the free radicals generated
by benzoyl peroxide dissolved in pentane-2,4-dione can
degrade the post-RIE polymer residue and facilitate
its removal in scCO2. The influences of scCO2 temperature
(60–140 uC) on the removal of polymer residue were also
investigated. A droplet transportation model was proposed to
explain the difference in removal yield under the chosen
pressure. The oxidative degradation yield observed by XPS
and Tof-SIMS showed useful results. Oxidative degradation of
polymer residue in scCO2 is advantageous over a conventional
solvent-based method, which used an enormous amount of
water and toxic solvents. This advantage makes the scCO2-
based process an ideal candidate method for the technology
roadmap for semiconductors.24 The proposed oxidative
degradation mechanism is discussable, nevertheless. To
elucidate further the proposed mechanism, the interfacing of
an on-line HPLC system to the scCO2 system for on-line
monitoring of intermediate products is currently under way.
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